Observation of the high-sensitivity plasmonic dipolar antibonding mode of gold nanoantennas in evanescent waves Plasmonic dipolar antibonding modes of gold nanoantennas are observed in evanescent waves.
Comparing with the bonding mode for normal incidence, the use of prism coupling to transfer the energy of incident light to plasmonic resonance in nanoantennas not only has a higher extinction coefficient but also achieves higher sensitivity to the surrounding environment. The sensitivity of the antibonding mode of gold nanoantenna is 4.84 times that of the bonding mode in terms of the figure of merit. Localized surface plasmon resonance (LSPR) has received much attention because of its ability to generate a strong localized electromagnetic field. The oscillation of free electrons at the metal-dielectric interface coupled with an electromagnetic wave can be used in many applications such as bio-detection, 1 fluorescence enhancement, 2 surface enhanced Raman scattering (SERS), 3 metamaterials, 4 and active optoelectronic components. 5 The nanoantenna is one of the most exciting plasmonic nanostructures, because of its enhanced localized electromagnetic field in a small gap [6] [7] [8] and its variety of eigenmodes that evolve as a result of mode hybridization. 9, 10 Nanoantennas are formed by pairs of metal particles, and the resonance wavelength and intensity of the localized field depend on the structure geometry and refractive index of the surrounding medium.
The plasmonic coupling of nanoantennas can be explained by the plasmon hybridization model introduced by Nordlander et al. 11 For symmetric nanoparticle pairs, the coupled mode can be shifted to higher or lower frequencies depending on the phase of the fields generated by the two different dipoles. In the case of p-polarization, the in-phase response is called the bonding mode and the out-of-phase response is called the antibonding mode, in analogy to molecular orbital theory. 11, 12 The bonding mode, located at lower energy level, can be strongly excited by normal incidence, but the antibonding mode, located at higher energy level, can hardly be excited by a normal incident plane wave and is not easily observed. In the literature, the antibonding mode has only been excited with highly focused laser beams, 13 the radiation from a local emitter, and the evanescent field produced by total internal reflection (TIR). 9 Although its observation is not easy, the antibonding mode has received much attention because of its slower radiative decay and narrower linewidths. 10, 14, 15 Lately, a fano resonance in asymmetric nanoantennas has been studied for the sensor application. 16 However, there has been little research for the sensor application of the antibonding modes in symmetric nanoantennas.
This work investigates the antibonding mode of gold nanoantennas in an evanescent field and compares the sensitivity to a change in the refractive index of the surrounding medium with that of the bonding mode for normal incidence. Furthermore, in normal incidence, owing to the impedance mismatch between the dielectric and substrate, there is strong reflectance at resonance in the bonding mode that could reduce the coupling efficiency. TIR can be used to minimize the impedance mismatch and transfer the input energy into the antibonding mode of plasmonic resonance and thus achieve higher energy coupling efficiency from incident light to nanoantenna dipole resonance. 17, 18 E-beam lithography is employed to fabricate arrays of gold nanoantennas on a 15 nm indium-tin-oxide (ITO)-coated glass substrate. The design of the nanoantenna arrays is shown in Fig. 1 . Comparing with bowtie nanoantennas, square nanoantennas provide a large area of localized field between particles that can be used to sense more molecules bonding with the nanostructure. In addition, there is no need to fabricate sharp tips, which reduces the challenge of fabrication. Scanning electron microscopy shows well-controlled fabrication by e-beam lithography. The square particle x-y dimensions are 97 nm by 98 nm with periodicity of 400 nm in both x and y directions. The thickness of nanoantenna arrays is 35 nm, and the gap between two square nanoparticles is 30 nm. The deviations in nanoantennas dimensions are less than 3%. Figure 2 compares the far-field spectra in finite element method (FEM) simulation and the experimental result for nanoantenna arrays at wavelengths from 550 to 800 nm. The simulation result fits well with the experimental result. In the simulation, the loss factor of the gold Drude model is 1. 4. 19,20 The refractive index of the substrate is 1.52, and the ITO layer is not included in the simulation model. As the surrounding medium is air, normal incidence spectra illuminated by an electromagnetic wave with p-polarization are shown in Fig. 2(a) . The resonance wavelength is 675 nm and there are strong localized E-fields in the small gap (see the inset of Fig. 2(a) ). Far-field spectra of nanoantenna arrays in prism coupling are shown in Fig. 2(b) . Owing to TIR, the transmittance (T) is near zero when the incidence angle is larger than the critical angle. Therefore, the energy of transmitted light can be extracted and transferred to reflectance (R) and extinction (Q Ext ) only, which makes Q Ext in Fig. 2(b) twice that in Fig. 2(a) .
To investigate the antibonding mode of nanoantenna arrays in an evanescent wave, the nanoantenna arrays are placed on a BK-7 prism (n ¼ 1.52) in both the simulation and experiment. In Fig. 3 , nanoantenna arrays are immersed in deionized water (n ¼ 1.33) and illuminated by p-polarized electromagnetic waves from the prism. The figure shows the two-dimensional mapping reflectance spectra with angles of incidence ranging from 0 to 89 and wavelengths ranging from 600 to 880 nm. In the figure, the resonance wavelength of normal incidence is 780 nm when gold nanoantennas are immersed in deionized water. The critical angle of TIR for deionized water and the BK-7 prism is 61.04
. When the incidence angle is larger than the critical angle, the resonance wavelengths are significantly blue shifted from 780 to 680 nm, where the blue shift corresponding well to the higher energy level of the antibonding mode relative to that of the bonding mode.
The extinction spectra of nanoantenna arrays in prism coupling for different oblique incidence angles are shown in Fig. 4 . For normal incidence (h ¼ 0 ), the bonding-mode resonance is excited by p-polarized light at a wavelength of 780 nm. As the angle of incidence increases, the resonance mode at 780 nm becomes weaker; in contrast, the resonance mode at 680 nm becomes stronger. The resonance wavelengths at 780 and 680 nm are independent to the angle of incidence. The resonance mode at 680 nm is dominant when the incidence angle is larger than the critical angle, and is strongest at 72
. Comparison of the resonance modes at h ¼ 0 and 72 reveals that an evanescent wave can strongly excite the antibonding mode of gold nanoantennas as predicted in the literature. The resonance in nanoantennas can be described as the coupling of two individual nanoparticles each with LSPR, which is similar to the bonding and antibonding modes in molecular orbital theory. 10, 11 Thus, simulations of charge distributions of nanoantenna arrays for normal incidence and an evanescent wave are carried out, and the results are presented in Fig. 5 . In the case of normal incidence, Fig. 5(a) shows the same direction of charge oscillation in two nanorods. Nanoantennas interact strongly and have a strong dipole moment in the so-called "bonding mode." In contrast, the "antibonding mode" occurs at higher energy and has a net zero dipole moment. An evanescent wave generates opposite dipole oscillation in gold nanoantennas and the charge distribution of the antibonding mode is shown in Fig. 5(b) .
To better understand the bonding and antibonding modes of nanoantennas arrays, simulated scattering (C sc ) and absorption (C abs ) cross sections are shown in Fig. 6 . Three LSPR coupling conditions are considered: normal incidence and oblique incidence when the angle of incidence is smaller and larger than the critical angle (i.e., incidence angles of 0 , 35
, and 72 , respectively). The bonding mode is observed at 780 nm in both scattering and absorption cross-section spectra for all three angles of incidence. In contrast, the antibonding mode can only be observed at 680 nm in absorption spectra. The absorption cross section of the antibonding mode increases with the angle of incidence. When the angle of incidence is larger than the critical angle, the antibonding mode is clearly observed in absorption spectra but not in scattering spectra. The results provide good evidence that the antibonding mode does not strongly scatter the incident light and the absorption of light is dominant. In addition, in terms of the full width at half maximum (FWHM) of the two resonance modes, the antibonding mode excited by the evanescent wave has narrower linewidth. It is suggested that a nanoantenna chemical sensor in the antibonding mode is more sensitive than a nanoantenna chemical sensor in the bonding mode.
Reflectance spectra of nanoantenna arrays with a prism coupling configuration measured by angular interrogation instrument are shown in Fig. 7 . The sample is illuminated using a white light source (halogen lamp) with grating filters. The reflection of light is collected by a charge-coupled device camera. The polarization of the incident electromagnetic wave is controlled by a linear polarizer. The measurement of the nanoantenna arrays employed a BK-7 prism (n ¼ 1.52), deionized water (n ¼ 1.33) and p-polarized waves. Owing to the limitation of angular interrogation, the reflectance spectra of nanoantenna arrays were measured at 67
. The simulation result fits the experimental result in Fig. 7 well with little deviation. The deviation between simulation and experimental results could be due to the uncertain dimensions of the nanoantenna arrays, imperfect calibration of the SPR instrument, and unexpected error during measurement.
The sensitivity test shown in Fig. 7 is the result obtained with the angular interrogation instrument. The use of 95% ethanol increases the refractive index of the surrounding medium from 1.33 to 1.36, which shifts the resonance wavelength from 675 to 690 nm. Dk/Dn and the FWHM of nanoantenna arrays in antibonding mode resonance are, respectively, 468 nm/RIU and 49.79 nm. Comparing with normal incidence, Dk/Dn and FWHM are, respectively, 320 nm/RIU and 165 nm in bonding mode. Furthermore, the figure of merit (FOM) defined as (Dk/Dn)/FWHM is introduced to determine the sensitivity of the chemical nanoantenna sensor. The sensitivity comparison is summarized in Table I . The antibonding resonance mode of gold nanoantennas in evanescent waves has an FOM that is 4.84 times that of the bonding resonance mode in normal incidence.
The antibonding mode of gold nanoantenna arrays in evanescent waves was presented with promised higher sensitivity. Bonding and antibonding resonance modes were clearly observed and characterized in both experiment and simulation. The absorption-dominated antibonding mode has higher plasmonic coupling efficiency than the scatteringdominated bonding mode. The antibonding mode of nanoantennas could be observed in both non-normal incident waves and evanescent waves. The antibonding mode excited by evanescent waves has notably higher coupling efficiency and is thus promising in application to an LSPR chemical sensor.
In conclusion, the FOM of the antibonding mode in evanescent waves is 4.84 times that of the bonding mode in normal incidence. According to the results of this research, a nanoantenna chemical sensor with higher sensitivity can be designed.
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